Introduction 26
The motion of dislocations governs the plastic deformation hence the mechanical properties 27 of many metals.
1,2,3 The strength of the metals can be improved by hindering dislocation 28 motion through the designing of microstructure including introducing secondary phases, 29 grain boundaries and other internal interfaces. 4 Unfortunately most of such strategies that 30 effectively strengthen materials sacrifice ductility, resulting in the so called strength-ductility 31 trade-off.
5 Although a few methods have shown the capability of improving strength while 32 retaining the ductility of materials (for instance by introducing coherent twin boundaries 2, 6 , 33 introducing bimodel grain sizes 7 and by controlling the size, morphology and distribution of 34 secondary phases 8, 9 ), making final parts with complex shapes from these methods requires 35 intensive additional machining and may even not be feasible in some cases. 36
Selective laser melting (SLM) is a type of additive manufacturing (AM) processes which is 37 now rapidly changing the ecosystem of manufacturing by enabling the manufacturing of 38 complex components directly from digital files, thus benefiting the customized production 39 and the freedom of designing. 10 During SLM, particle granules are fused directly into 3D 40 components by repetitive scanning of a high energy laser beam over each layer of powder 41 granules, thereby consolidating them via partial or full melting. Another important feature of 42 AM is the ultrafast cooling rate (10 3 -10 8 K/s). Unlike the other rapid cooling techniques e.g. 43 splat quenching and melt spinning which can produce only metals in low dimensional shapes 44 e.g. metal powder, ribbon and foil, AM can produce metals in 3-dimensional shapes (bulk 45 parts) with extraordinary high cooling rate. [11] [12] [13] [14] The bulk metal parts show microstructures 46 distinct from those produced by traditional manufacturing routes such as casting and 47 wrought processes. [15] [16] [17] [18] [19] [20] [21] In this study, we show that a dislocation network structure with the 48 accompanying segregation of the alloying elements produced during SLM manufacturing of 49 316L stainless steel (316LSS) leads to unprecedented mechanical properties of a 50 combination of enhanced yield strength and ductility compared to those with the same 51 composition but produced in the other manufacturing processes. [22] [23] [24] [25] [26] [27] [28] In-situ SEM and TEM 52 study reveals that the dislocation network with the accompanying segregation provides high 53 density of "flexible interfaces" that significantly tunes the dislocation behaviours, resulting in 54 the ameliorated mechanical properties. The results indicate the possibility to directly 55 manufacture products with good combination of strength and ductility while retain the 56 benefits of the process in manufacturing parts with complex or customized geometries. 57
Materials and Methods 58

Sample manufacturing process 59
As received gas-atomized spherical 316LSS powder with the granular size ranging from 10 to 60 45 μm was purchased from Carpenter powder products AB, Torshälla, Sweden. The 61 standard build was performed by a selective laser melting facility EOSINT M270 (EOS GmbH, 62
Krailling, Germany) equipped with a continuous Nd:YAG fiber laser generator with maximum To investigate the effect of scanning speed on dislocation cell size, the samples were built up 71 by using standard parameters and the last layer of each sample was scanned by laser with 72 different scanning speed and line spacing (7000 mm/s, 10 μm; 4250 mm/s, 20 μm; 283 73 mm/s, 300 μm). The SEM images were taken from the area within the top layers. 74
Tensile tests 75
Tensile test specimens (as-build size Ф8 × 52 mm) were prepared by SLM using standard 76 building parameters and machined to cylindrical test specimens (Gage length: 12 mm; gage 77 diameter: 3 mm). All the tensile test bars were built in the same build and with the 78 longitudinal axes along the building direction. Tensile tests were performed according to 79 ASTM E8 with a strain rate of 0.015 min -1 up to yield point, and afterward 0.05 min -1 till 80
failure. An extensometer was used to measure the elongation. The reported values in this 81 study for tensile properties were the average values of 5 tests. 82
Micropillar tests 83
For the micropillar compression test, two pellets were cut from the same bar built with the 84 longitudinal axis along the building direction. One of them were packed in the stainless steel complex internal cooling channel system manufactured by using SLM process from 316LSS 109 powders (particle size: 10µm -45µm) for the potential application as the first wall panel part 110
in the International Thermonuclear Experimental Reactor (ITER). Tensile tests reveal that the 111
SLMed 316LSS shows notable improvement in both strength and ductility compared to the 112 fully dense 316LSS processed by the other manufacturing methods (Fig. 1a) . [22] [23] [24] [25] [26] [27] [28] The tensile 113 yield strength of 552 ± 4 MPa and elongation to failure of 83.2 ± 0.7 %, was obtained for the 114 SLMed 316LSS (along the building direction). In contrast, the wrought-annealed 316LSS with 115 average grain size of 17.5 µm from Ref. 22 shows yield Strength of 244 MPa and failure 116 elongation of 63%. 22 A number of previous research on SLMed 316L reported that the 117 process improves the yield strength but reduces or has little effect on ductility. 11, 29, 30 The 118 ductility of metals is sensitive to the defects like voids and cracks whose presence largely 119 depends on the process parameters. Only when the defects are supressed, the contribution 120 from the other factors would be revealed. 121 Residual stress can be generated during SLM process, but it was not considered as the main 130 factor affecting the tensile results in this work. Previous studies show that residual stress in 131
SLMed sample can be comparable to the yield strength of the material near the top surface 132 but is much lower in the lower part of the sample. [31] [32] [33] The gage section of the tensile test 133 bar in this study is far below the top surface. Moreover the building plate was preheated to 134 sample. The three remarkable plateaus on the stress-strain curve correspond to the three 180 slip traces on the surface of the annealed micropillar (Fig. 2f) , indicating that catastrophic 181 shear-off happened quite often due to the escape of large number of dislocations from the 182 intersections of the same slip planes and the surface. In contrast, the as-SLMed pillar had 183 smoother plastic flow behaviour. It indicates that with the dislocation network, the as-184
SLMed pillar had much better ability of dislocation storage where dislocations found 185 significant difficulty during glide before they eventually slipped out from the surface 186 therefore displayed both higher strength and better plastic stability. 187
Effects of the dislocation network on dislocation motion and twin formation revealed 188
by in-situ TEM analysis 189 
195
The details of the dynamic motion and interaction of dislocations within such dislocation 196 network were further investigated by performing in-situ TEM mechanical testing at room 197 temperature by using a Gatan in-situ straining holder. The major carrier for plastic 198 deformation was partial dislocations, whose motion was significantly but not fully impeded 199 Figure 3e shows the dynamic evolution of 205 stacking fault, which corresponds to the motion of partial dislocation pairs through the 206 dislocation cells. When the external stress was high enough, a leading partial was emitted 207 from a cell wall "A" and stopped at the cell wall "B" against it. At this moment, the trailing 208 partial was still trapped by the cell wall "A". As the applied stress increased gradually, the 209 leading partial overcame the impediment of wall "B" and glided into the neighbouring cell. 210
The trailing partial glided to wall "B" as well. Clearly the motion of dislocations in SLMed 211 316LSS was hindered but not fully stopped by these cell walls. Slip transferred across the 212 cells with increasing strain; therefore the strength was enhanced without sacrificing thethe impediment effect, the complex dislocation network with mostly dissociated partial 215 dislocations might also have supplied sites for nucleation of dislocation loops, with which the 216 dislocation interactions became even more prolific and complicated. 217 
223
Meanwhile, the cell walls could also trap partial dislocations so that some of the paired 224 dislocations lost their partners. Consequently deformation twinning formed as the same 225 type of partial dislocations glided on the adjacent planes. Figure 4a shows nano-twins 226 formed after deformation. The dislocation network was found in the whole visible region; 227 however, due to the slight orientation difference the network on the left side was less visible 228 under this imaging condition. The slim nano-twins oriented along the same direction and 229 usually propagated through several cells. It was also observed that the nano-twins werebunched and initiated from the cell walls and not necessarily from the grain boundaries. 231 Figure 4b shows a HR-STEM image of the nano-twin structure; the thickness of twins ranged 232 from 2 nm to 6 nm in general. However as shown in Fig. 4c , the stable twin can be as thin as 233 two atomic layers, which supports the layer by layer growth mechanism of twins in this case 234 and it experimentally confirms the theoretical simulation which proposed that the minimum 235 thickness of a stable twin in FCC structure is 2 atomic layers.
34 Those nano-twins should have 236 significant influence on dislocation motion, resulting in stable plastic deformation by strain 237 hardening through the dynamic Hall-Petch effect similar to that in nano-twined copper and 238 TWIP steels.
38, 39
239
The mechanism of simultaneously improvements of strength and ductility 240
Combining the multiscale mechanical properties-structure characterizations and in-situ TEM 241 testing, it is confirmed that the pre-existing dislocation network structure has significant 242 contribution to the high strength and ductility of as-SLMed 316LSS. Firstly the pre-existing 243 dislocation network impedes dislocation motion and thus increases dislocation storage 244 contributing as the main mechanism to the high yield strength. Meanwhile, the segregated 245 alloying elements at the cell walls provide an extra solid solution strengthening effect. 246 Secondly, with the increase of stress, the impeded dislocations are allowed to transmit 247 through the dislocation walls; meanwhile the pinning effect from the segregated atoms 248 effectively stabilizes the dislocation network to maintain its size during the entire plastic 249 deformation, enabling the stable plastic flow. In addition, the misorientation between cells 250 can also contribute to the stability of the dislocation network as well as provides dislocation In general the increase of ductility is achieved by delaying the onset of necking. The necking 266 caused by plastic instability takes place when the Hart criterion is satisfied (
where is the true stress, is the true strain and m is the strain rate sensitivity). So both the 268 strain hardening ( dσ dε ) and strain rate hardening ( • ) contribute to the delay of necking. 37 
269
In wrought-annealed 316LSS, the contribution from strain rate hardening is not significant 270 due to a negligible m value at the latter stage of plastic deformation. 28 In contrast, SLMed 271 316LSS shows notable elongation after the flow stress outweigh the strain hardening rate, 272 which is presumably from the contribution of strain rate hardening (Fig. 5d) . Similar to the 273 ultrafine and nanocrystalline Ni, 41 the concentrated dislocations in dislocation walls lead to a 274 small activation volume and hence a high m value. Besides nano-twins formed during 275 deformation can also cause the increase of m value. On the other hand, the evolution of 276 strain hardening rate also plays an important role for the high tensile elongation of SLMed 277 316LSS. The strain hardening rate of SLMed 316LSS starts at a low value but maintains stable 278 and even gradually increases during entire plastic deformation till the failure. While the 279 wrought-annealed 316LSS shows initially high strain hardening rate but with substantial 280 decrease afterward (Fig. 5c) . The difference in the strain hardening rate is highly related to 281 the distinct microstructural evolution processes in the two 316L stainless steels due to the 282 different stability of the dislocation cellular structure. In SLMed 316L, the pre-existing 283 dislocation network structure formed during manufacturing is pinned by the elements 284 segregation and the misorientation across the cell walls. The characteristic size of the 285 dislocation network structure is retained even at the late stage of the plastic deformation 286 when high flow stress is reached. The misorientation across the cell walls can also act as 287 dislocation source. These enable continues dislocation motion, nanotwins formation andthus the stable plastic flow during the entire plastic deformation. Meanwhile the formation 289 of nano-twins promoted by the dislocation network also contributes to the strain hardening 290 through dynamic Hall-Petch effect to delay the necking. On the contrary, in wrought-291 annealed 316LSS, dislocation network structure forms during plastic deformation, which 292 contributes to strain hardening rate in the beginning. However, the cells later shrink to small 293 sizes and the dynamic recovery at cell boundaries leads to the decrease of work hardening 294 rate. 
299
Importantly the cell size and morphology of the dislocation network which are sensitive to 300 the cooling rate and temperature gradient are also tunable by changing the cooling speed. 301
As shown in Fig. 6 , the cell size of the dislocation network is effectively adjusted to be 302 around 200 nm, 250 nm, 500 nm and 1 µm, respectively, by using different scanning speed 303 (7000, 4250, 850 and 283 mm/s) to tune the cooling speed. It indicates that the mechanicalproperties of SLMed alloys can be designed purposefully based on its controllable 305 microstructure-properties relationship. 306
Conclusions 307
To sum, besides the ability to produce complex shaped parts, the AM processes also provide 308 ultra-fast cooling rate during solidification which results in unique microstructure that 309 consequently leads to outstanding mechanical properties in bulk metal parts that is not 310 possible to be achieved by any other so far established manufacturing method. A systematic 311 SEM and TEM work reveals that the dislocation network with the accompanying segregation 312 of alloying elements acts as stable and "soft" barriers that hinder dislocation motion for 313 strength but meanwhile guarantee continuous plastic flow by allowing dislocations from 314 transmitting. This strategy to improve both the strength and ductility by introducing a 315 dislocation network may also be applied to other alloys with low stacking fault energy. In 316 addition, the mechanical properties can potentially be designed purposefully since its 317 microstructure is directly tuneable by scanning parameters. This work paves the way for 318 developing high performance metals with desired mechanical properties by in situ tailoring 319 the microstructure during the manufacturing process thus further boosting the AM as a 320 
